This paper presents an investigation of the impacts of a Severn Barrage on the hydro-environment of 11 the Bristol Channel and Severn Estuary using the Environmental Fluid Dynamics Code (EFDC) model 12 with a recently developed Barrage module (EFDC_B). Details are given of a barrage module being 13
Over the past few decades, the energy demand has been continuously increasing as a result of 8 developing economies, particularly in China and India, and population growth. On the other hand, due 9
to the over-dependence on traditional energy sources (such as fossil fuels and natural gas), global 10 reserves are quickly depleting and hence the price of traditional energy has increased significantly. 11
Compared with traditional energy resources, renewable energy resources have many advantages, such 12 that increasing efforts are now being made to increase the provision of such resources. Among the 13 range of renewable resources available, tidal power has great potential for future electricity generation, 14 since tides are predictable compared to wind energy, solar power etc. (Falconer et al. [1] ). 15
With one of the highest tidal ranges in the world occurring in the Bristol Channel and Severn Estuary, 16 located in the southwest of the UK (see Fig. 1 ), this basin is regarded as an ideal location for potential 17 tidal energy extraction. Therefore, it is significant to predict numerically the effects of a tidal barrage 18 on the hydro-environment of the Bristol Channel and Severn Estuary. Recently, several numerical 19 models have been used to study the tidal hydrodynamic processes and tidal barrage impacts on the 20 aquatic environment in the Severn Estuary. Owen [2] and Stephens [3] used 3D regular grid numerical 21 models to predict tidal levels and currents in the Bristol Channel, with the horizontal grid size being 22 over 1 km. According to the observed current data from 1975 to 1977, Uncles and Jordan [4] derived 23 co-phase and co-amplitude lines for the M2 tide and obtained estimates of the associated tidal energy 24 fluxes through selected cross-sections. Evans et al. [5] investigated the effect of a barrage on the water 25 quality parameters in the estuary using a depth-averaged 2D hydrodynamic model. In this study four 26 types of nested grids of square cells were deployed to represent the topography, with the finest grid size 27 being 0.167 km covering the proposed barrage site. Amin and Flather [6] dynamically linked a 2D 28 numerical model of the Bristol Channel to a 1D model of the River Severn and compared the numerical 29 model predicted water levels with the corresponding values predicted based on a harmonic analysis.
Likewise when the sluice gates need opening, the velocities are set to gradually increase to the peak 1 velocity. Hydraulic structures have been adopted to represent the turbines. In EFDC each hydraulic 2 structure has an upstream end and a downstream end and water can only flow from upstream to 3 downstream of the hydraulic structure, thus two hydraulic structures are required in order to simulate 4 water passing through the barrage. The upstream and downstream conditions of the hydraulic 5 structures have been linked dynamically using a Q-H relationship. The discharge Q through a turbine 6 was obtained by linking Q with the difference between the upstream and downstream water head as 7
given by:  is the efficiency coefficient of the turbines and g is gravitational acceleration. In the current study 20 the discharge coefficient C d was assumed to be 1 for turbines and the efficiency coefficient was 21 assumed to be 1 [8] and [21] . In order to obtain the same computational accuracy between the barrage and no-barrage cases, the 9 same mesh has been used in the cases with and without a barrage except in the region of the barrage. 10
Furthermore, for accurate simulations of the barrage operating scheme and the complex flow patterns 11 around the barrage, a fine grid was deployed in the region surrounding the barrage with the total cell 12 number being 53,914 for the case with the barrage and with the representative grid size around the 13 barrage being 70m x 100 m. 
MODEL DETAILS AND VALIDATION 2
The bathymetry of the computational domain is shown in Fig. 4 , where the elevation data are 3 provided relative to the Ordnance Datum (OD). The total model area is about 5700 km 2 which covers 4 the whole of the Bristol Channel and the Severn Estuary. The western boundary, i.e. the open 5 boundary, was set between Hartland point in England and Stackpole Head in Wales, with the time 6 varying water level being specified along this boundary. The landward boundary was set at the River 7
Severn tidal limit, located close to Gloucester, to account for the possible impact of the Severn Barrage 8 on the tidal levels of the River Severn. The corresponding water level at the open boundary was 9 specified using the predicted elevation data from POLPRED ( The model predicted water levels were first validated against the field data. Three typical sites wereupstream and downstream of the barrage site respectively, and with the last two sites being close to the 1 barrage location. Comparisons of water levels for the whole simulation period, including for spring and 2 neap tides, are shown in Fig. 5 . It can be seen that the numerical model results agreed well with 3 measured data, especially at Newport, although there is a 30cm -40cm under prediction at the wave 4 crest compared with field data at the Mumbles and the Hinkley Point. 5 6 
Validation of tidal currents 7
Comparisons of velocities have also been made to validate the computational accuracy of the EFDC 8 model, with field data being available for validation at sites along the South Wales coast and at 9
Minehead [3] [4] [5] . The two sites are referred to as S1 and S2 in Fig.1. Fig. 6 illustrates the comparisons 10 between the numerical model predictions and the observed data, which again indicate that the predicted 11 velocities generally show good agreement with the field data for both the current speed and direction, at 12 both sites, although there are some visible differences at the 91 st and 140 th hour, with 0.3 m/s and 0.2 13 m/s respectively at site S1. Overall, the predicted results can be considered to have reproduced the field 14 data satisfactorily. The differences between the predicted and field data were calculated and the root 15 mean squared values for the tidal levels and currents were found to be 0.2122 and 0.1857, respectively. predicted results were in good agreement with the observed data at the four sites, both for the spring 22 and neap tides respectively. In particular, it should be noted that the predicted current speeds and 23 directions at Site U, close to the proposed barrage site, were very close to the observed data for both the 24 spring and neap tides. 25
From the comparisons between the field data and the numerical model results for the water 26 levels and tidal currents, it can be seen that EFDC model provides a reliable numerical prediction of the 27 hydrodynamics in the Bristol Channel and Severn Estuary for establishing the impact of any proposed 28 renewable energy project. 29
MODEL APPLICATIONS
predict the hydrodynamic processes with the barrage module included, with the aim being to predict the 3 hydrodynamic processes within the basin for a range of scenarios, both with and without the Severn 4
Barrage included. Some of the details analysed in this section include: evaluating the changes in the 5 maximum water levels, the minimum water depths, the maximum tidal currents and the impacts of the 6 barrage on the salinity concentration distributions. 7 8
Prediction of maximum water levels 9
Due to the proposed construction and operation of the Severn Barrage across the Bristol Channel and 10
Severn Estuary, as shown in Fig. 2 , the hydrodynamic, sediment transport and water quality 11 characteristics in the basin could be significantly affected by such a structure. The corresponding 12 predicted changes in the maximum water levels for a mean spring tide, both with and without the 13 barrage, are shown in Fig. 8 . From these comparisons, it can be seen that there will be a very limited 14 impact on the maximum water levels in the outer region of the Bristol Channel. However, there will be 
Prediction of minimum water depths 23
Because of the relatively high bed elevation upstream of the barrage, the minimum water depth will be 24 significantly affected in these regions by the construction of the Severn Barrage, which further affects 25 the variations in the areas of intertidal zones. Fig. 9 shows a comparison of minimum water depths for 26 the cases without and with the barrage, where it can be seen that there is no noticeable influences in the 27 outer region of the Bristol Channel and downstream of the barrage. However, the effect of the barrage 28 significantly affects the low water levels upstream of the structure. For the current model domain,177.4 km 2 for the cases without and with the Severn Barrage, respectively. So the loss of the intertidal 1 mudflats would be 80.5 km 2 or 8,050 hectares, which would lead to an adverse impact on the 2 ecological system within the estuary. Thus, some management measures need to be implemented to 3 composite for this intertidal habitat loss. 4 5 
Prediction of maximum current speeds 6
For the maximum tidal currents it can be seen that they are significantly reduced in the computational 7 domain as a result of the barrage, with a comparison of the maximum tidal currents without and with 8 the barrage being shown in Fig. 10 . It can be seen that the maximum velocity is close to 2.4 m/s in the 9 middle of the Bristol Channel without the barrage and only 1.2 m/s at the same location with the 10 barrage. Hence the maximum velocities in the middle of the Bristol Channel and most regions in the 11
Severn Estuary have been significantly reduced, and by as much as up to 50% in magnitude in some 12 areas, due to the presence of a barrage. However, it can be also seen from the Fig. 10b that the 13 maximum velocities around the sluice gates and turbines would be much greater than those for the case 14 without the barrage, due to the barrage operation. 15 16 
Prediction of distributions of salinity concentration 17
Due to a lack of field data for salinity concentration distributions as the boundary input condition and 18 for model validation, the predictions of distributions of salinity are only considered as preliminary 19 results. However, from the numerical model results it is clear that a barrage will appreciably affect the 20 salinity distribution based on these simulations. In undertaking these simulations, the salinity level was 21 set to 35 ppt along the open seaward boundary when water was flowing from sea into the Bristol 22
Channel and was set as zero at the fresh water inflow source, at the tidal limit, at Gloucester. For the case without a barrage the isohalines at high water at Swansea are shown in Fig. 12 (a) , from 1 which it can be seen that the contour lines are parallel with each other, and decreasing gradually from 2 the Bristol Channel to the Severn Estuary. The computed salinity level patterns are similar to those 3 observed patterns for February 1978, as reported by Stephens [22] and Uncles [23] . For convenience, 4 the observed pattern by Stephens is also shown (Fig. 12b) . Similarly, the predicted isohalines at low 5 water at Swansea are also compared with the corresponding field data, see Figs. 13 (a) and (b) . At low 6 water, some areas along the coastal lines will become dry, with these areas being marked in blue. The 7 observed contour patterns are generally in a west_northwest to east_southeast direction in the most 8 regions in the Bristol Channel at high water and lower water, however, the patterns are changed into a 9 north_northwest to south_southeast direction across the water from Swansea to Minehead at lower 10 water. It can be seen from Figs. 12 (a) and 13 (a) that the changes of the contour patterns have been 11 largely predicted correctly using the current numerical model. The computed salinity patterns have 12 reproduced the field data quite well both at high and low water in the Bristol Channel, as well as in the 13 mouth of the Severn Estuary, except that the computed concentration values are a little higher than the 14 observed values at some sites. The main reason for these differences is thought to be due to the fact that 15 the fresh water inputs were not fully included in this model, with only the River Severn being included. 16 At high water, the predicted salinity concentration distributions are significantly affected by the tide-17 dominated flow, with the corresponding salinity concentrations being higher than those at low water by 18 1.5 -2 ppt from the middle region of the Bristol Channel to the upstream region of the Severn Estuary, 19 which is largely consistent with the observed salinity concentration differences between the high and 20 low water (shown in Fig. 12 (b) and Fig. 13 (b) ). 21
Due to the obstruction of the barrage, less water would enter the basin. Therefore, the salinity flux will 22 be affected to some extent and the water upstream of the barrage will become less saline. The 23 computed salinity patterns at high and low water at Swansea are shown for the case with a barrage in 24 Channel and the seaward boundary. Near the barrage site, both for the upstream and downstream sides, 21 the 2D and 3D models predicted slightly different salinity levels, with the differences being generally 22 less than 1 ppt. To study the 3D effects of the barrage operation in detail, the salinity concentration 23 distributions in the surface layer and bottom layer around the barrage are shown in Fig 16. At the upper 24 corner on the downstream side of the barrage the salinity level in the bottom layer is higher than in the 25 surface layer. The reason for this phenomenon was caused by an eddy which formed gradually and with 26 the size of the eddy and flow velocity increasing gradually from the bottom to the surface, which 27 indicated that the water in the surface layer had a quicker water exchange than that in the bottom layer 28 in that region. This effect resulted in a reduction in the salinity concentration in the surface layer.the barrage, many intertidal mudflats appeared at low water (see Fig. 16 ). Similar hydrodynamic 1 conditions occurred in every vertical layer, thus the salinity concentration distributions in the water 2 column were almost the same in the lower corner downstream of the barrage. Thus it can be concluded 3 that the 2D model can produce similar predictions to the 3D model in most regions. If more details are 4 needed to describe the hydrodynamics and salinity distributions in the region just downstream and 5 upstream of the barrage, then a 3D model should be used. 6
It can be seen that the reduction in the water volume and the maximum velocity entering the Severn 7
Estuary would influence the transportation of suspended sediments, and the corresponding bacterial and 8 other water quality indicator levels in the water column. The relative impacts on the environmental 9 effects of these water quality parameters are being investigated currently using the refined EFDC 10 model. Meanwhile the potential far field impacts of the Severn Barrage on water levels and flood risk 11 in the areas around the North Wales coast and Irish Sea are also being investigated using a larger 12 domain and the outcome of these research studies will be published shortly. 13 14
CONCLUSIONS 15
In this study the EFDC model has been refined to include a barrage module for simulating tidal flows 16 through a renewable energy barrage structure, including sluice gates and turbines. The model, including 17 the additional barrage module (EFDC_B), has been used to investigate the impact of the proposed 18 Severn Barrage on the hydrodynamic and salinity processes in the Bristol Channel and Severn Estuary. 19
This model was first validated by comparing the model predicted water levels and tidal currents with 20 field observed data. The results indicated that the model predictions generally agreed well with the field 21 data. 22
The EFDC_B model was then applied to investigate the hydrodynamic processes in the estuary for a 23 range of scenarios, both with and without the barrage, with the corresponding results showing that with 24 the barrage the maximum water level would be significantly reduced in a large part of the Severn 25 Estuary, especially upstream of the barrage. From the predicted minimum water depths, it has been 26 shown that there would be a mean spring tide loss of 80.5 km 2 (or 8,050 hectares) of intertidal habitats 27 due to construction of the barrage. Meanwhile, the peak tidal currents would be considerably reduced, 
